1. Introduction {#sec1}
===============

Lithium is a well-known commodity due to its use in the pharmaceutical industry;^[@ref1]^ however, its value has soared in recent years due to its use in rechargeable batteries. This increase in demand has resulted in a sharp rise in global consumption rate from 200 t per year in 1994 to over 40 000 in 2008.^[@ref2],[@ref3]^ At present the majority of Li is extracted from pegmatite rocks, which contain the Li-feldspar spodumene (LiAl(SiO~3~)~2~) and the Li-mica lepidolite (KLi~2~AlSi~4~O~10~F~2~). However, 66% of the world's total Li is present in brines; thus, these sources have the highest capacity for long-term Li extraction.^[@ref4]^ Brines also have the additional benefit that extraction of Li is proposed to be between 30 and 50% less expensive than from mined mineral ores.^[@ref5]^ Li can be extracted from brines via adsorption to inorganic solids, such as manganese^[@ref6]^ and titanium oxides,^[@ref7]^ and using membrane electrolysis.^[@ref8]^ Alternatively, brines can be evaporated to precipitate Li directly from solution, typically as the Li-carbonate phase zabuyelite (Li~2~CO~3~).^[@ref9]^ Li extraction in the formation of zabuyelite has also been suggested as part of recycling procedures at the other end of the battery life cycle.^[@ref10]^ The exact extraction method chosen for Li~2~CO~3~ production depends on the composition of the aqueous solution, where the Mg^2+^ content is the limiting factor in brines as this ion interferes with many of the extraction techniques currently used.^[@ref8]^

Despite its importance as a product in many different primary and secondary Li resources, there are only a limited number of studies on zabuyelite formation from solution. Typically, these reflect the nucleation and growth of Li~2~CO~3~ phases in the presence of organic molecules^[@ref11]^ and do not consider the effect of inorganic ions in brine on Li-carbonate formation. Brines of interest for Li extraction have a varied and complex solution chemistry with high concentrations of Na^+^, K^+^, Cl^--^, SO~4~^2--^, as well as Ca^2+^ and Mg^2+^ concentrations up to 4 wt %.^[@ref12]^ The formation of ion pairs between the constituents of other oxyanion-bearing mineral phases, such as magnesite (MgCO~3~) and sulfate hemihydrate, has been shown to significantly change the ability of the mineral to form from aqueous solution.^[@ref13],[@ref14]^ In addition, dissolved ions can form direct interactions with different surfaces on a growing crystal, influencing the stability of the surface and thus its ability to grow. For example, the presence of Li^+^ in solution is known to bind to the {0001} surfaces of calcite (CaCO~3~) crystals, stabilizing this face^[@ref15]^ and changing the final crystal morphology.^[@ref16],[@ref17]^ In contrast, the presence of different background ions, i.e., those that do not interact directly with the mineral constituents in solution or at the mineral surface, has been proposed to enhance or inhibit ion and surface dehydration,^[@ref18],[@ref19]^ altering precipitation rates. Therefore, the solution components may contribute either positively or negatively to the formation of Li-carbonate from aqueous solutions.

This study examines the effect of typical brine components on the precipitation of zabuyelite. Precipitates were formed by mixing carbonate-bearing and Li-bearing solutions^[@ref20]^ with and without inorganic ions observed in the mineral type locality brine from Lake Zabuye.^[@ref21]^ Interactions between different ions in solution were examined in situ using Raman spectroscopy and compared with predictions from thermodynamic solution speciation calculations. In contrast, direct interaction between different ions in solution and the solid zabuyelite phase were examined in situ using attenuated total reflectance infrared spectroscopy. Potential changes in crystal morphology due to ion--solid interactions observed in electron microscopy images were verified using atomistic simulations. The experiments and simulations demonstrate that K^+^ and Na^+^ have minimal direct influence on the growth of zabuyelite. However, Ca^2+^ and Mg^2+^ outcompete Li^+^ for carbonate-phase growth, whereas there is evidence that sulfate directly interacts with the zabuyelite crystals during growth.

2. Materials and Methods {#sec2}
========================

2.1. Crystal Formation {#sec2.1}
----------------------

The procedure described by Taborga et al.^[@ref20]^ was used to precipitate the Li-carbonate phase, with the exception that LiBr was used instead of LiCl so that we could examined the effects of Cl^--^ ions on the synthesis. Experiments were conducted using a multiplate stirrer (IKA RT 15) allowing four solutions to be tested in duplicate for each experimental set. New reactant solutions were produced for each set of experiments. A water bath was heated to 80 °C prior to each experiment, and aluminum foil was used as a lid to maintain the temperature and water levels during the experiment. Twenty milliliters of a 0.5 M LiBr solution with or without additional salts (NaCl, KCl, MgCl~2~, CaCl~2~, Na~2~SO~4~) at ionic strengths of 1 or 0.1 M was added to 150 mL glass bottles sitting in the water bath. Each bottle contained a magnetic stirrer and was sealed with a rubber septum. The Li-bearing solution was stirred at 300 rpm for 20 min to allow it to reach the temperature of the water bath prior to addition of the carbonate-bearing solution. Twenty milliliters of the carbonate-bearing solution (0.5 M Na~2~CO~3~, pH: 12.04) was then slowly added to the Li solution at a rate of 3 mL/min using a syringe pump. A list of the experiments conducted and the pH of the solutions measured at room temperature can be found in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The solution was continuously stirred for another hour before the precipitate was extracted from the solution using gravity filtration. In preparation for analysis of the crystal morphology and phase identification, the precipitate was dried in a desiccator for at least 24 h. Phase identification of the bulk samples was conducted using a Bruker D8 Advance X-ray diffractometer equipped with a Cu source.

###### List of Crystal Growth Experiments Conducted[a](#tbl1-fn1){ref-type="table-fn"}

                       pH                                             saturation index          
  ------------ ------- ------- -------------------------------------- ------------------ ------ -------
  none                 9.13    11.78                                  1.5                        
  NaCl         0.1     8.82    11.62                                  1.6                        
               1.0     8.95    11.77                                  2.5                        
  KCl          0.1     8.57    11.72                                  1.6                        
               1.0     8.71    11.76                                  2.5                        
  CaCl~2~      0.033   7.95    n.d.[b](#t1fn1){ref-type="table-fn"}   1.6                3.68    
               0.33    7.98    n.d.[b](#t1fn1){ref-type="table-fn"}   2.5                4.52    
  MgCl~2~      0.033   10.05   n.d.[b](#t1fn1){ref-type="table-fn"}   1.6                       16.87
               0.33    9.08    n.d.[b](#t1fn1){ref-type="table-fn"}   2.5                       20.88
  Na~2~SO~4~   0.033   8.54    11.72                                  1.6                        
               0.33    8.39    11.76                                  2.5                        

Measurements of pH were conducted at room temperature, where the nucleation of the Li-carbonate phase was inhibited. Saturation index calculation obtained from PHREEQC simulations of the initial solution at 90 °C when Ca or Mg were present in the initial solution.

n.d. = not determined due to immediate precipitate formation.

2.2. Vibrational Spectroscopy {#sec2.2}
-----------------------------

Competing ion complexations in solution and water structure were assessed using a polytetrafluoroethylene lined, temperature-controlled fluid cell built at the University of Münster, Germany.^[@ref22]^ Solutions (0.1, 1, and 2 M Na~2~CO~3~, 2 M Na~2~SO~4~, and water equilibrated with Li-carbonate at room temperature including dilutions by 2/3 and 1/2) were heated to temperatures between 30 and 80 °C and measured using the 488 nm laser of a WITec 300 alpha Raman spectrometer. A 50× long working distance objective lens was used to focus below the sapphire window at the top of the cell. A grating of 600 grooves/mm was first used to obtain the complete spectral range of interest (100--4000 cm^--1^) for each temperature and solution. The most intense Raman band for the ions, which are known to be affected by the formation of ions pairs in solution,^[@ref23],[@ref24]^ were then obtained at a higher spectral resolution using a 2400 grooves/mm grating. Each spectrum was acquired for 5--60 s 10 times and integrated to increase the signal-to-noise ratio. Individual crystals from the precipitation experiments were also tested using the same Raman spectrometer. However, to reduce fluorescence of the solid samples, a Nd:YAG laser at 532 nm was used for the analysis of the precipitates with a grating of 600 grooves/mm. Each spectrum of the solids was acquired for 1 s, 15 times and integrated. Data reduction including the removal of spectral background and spurious detector noise was conducted using the WITec Project 4.0 program. The Raman bands were fitted using Voigt functions in the Fityk program.^[@ref25]^

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was also used to test for any changes in bulk chemistry of the precipitates related to the incorporation of significant concentrations of additional ions from solution. DRIFTS analysis was carried out using a Thermo Fisher Scientific Nicolet 6700 infrared spectrometer. For the analysis, subsamples of precipitates from each experiment were mixed with IR transparent KBr powder. Each spectrum was acquired using 64 scans with a spectral resolution of 4 cm^--1^. Surface complexation of solution species onto the surface of Li-carbonate was tested in situ using attenuated total reflectance infrared spectroscopy (ATR-IR). The ATR-IR measurements were performed using a Thermo Fisher Scientific Nicolet iS5 apparatus with iD7 diamond crystal ATR accessory. ATR-IR experiments were performed on solid Li-carbonate grown in solutions with only LiBr and NaCO~3~ exposed to 1 M NaCl, 1 M KCl, 0.33 M MgCl~2~, and 0.25 M Na~2~SO~4~ solutions. In addition, Li-carbonate precipitated in the presence of K^+^, Na^+^, and SO~4~^2--^ was also tested in 1 M KCl, 1 M NaCl, and 0.33 M Na~2~SO~4~ solutions respectively to examine the effect of changes in specific surfaces on the adsorption spectra.

2.3. Precipitate Imaging {#sec2.3}
------------------------

Precipitates from different experiments were attached to carbon stickers and coated with 6 nm of platinum before being examined using a FEI Helios Nanolab G3 scanning electron microscope (SEM) equipped with a focused ion beam. Chemical analysis of the precipitates was conducted during the SEM analysis using energy dispersive X-ray spectroscopy (EDX). Lithium cannot be analyzed using conventional EDX detectors; therefore, the presence of C and O, but absence of a cation, was used to identify the Li-carbonate phase. Crystal aspect analysis was conducted based on the system described by Um et al.^[@ref26]^ for ice crystals, which show a morphology similar to the crystals formed in the synthesis experiments. Analysis of crystal morphology aspect parameters: total length, total width, height from central face to top of crystal, width of central face, and width of side faces, was conducted in Adobe Photoshop. Crystals used in the aspect analysis were chosen that were lying with the longest crystal axis parallel to the electron beam to limit measurement errors due to image perspective effects. In addition, only crystals where the entire length of the crystal could be seen were chosen. These requirements limited the number of crystals that were measurable, and thus aspect ratios for 10 crystals from each experiment without and with the highest concentration of additional ions were obtained.

2.4. Computational Methods {#sec2.4}
--------------------------

Solution ion activities and saturation states with respect to different solid phases were modeled using the PHREEQC geochemical program from the USGS.^[@ref27]^ The solutions were modeled using the Lawrence Livermore National Library (llnl) database. None of the databases available with PHREEQC contain thermodynamic parameters for the Li~2~CO~3~ phase zabuyelite and had minimum interaction coefficients for Li ion pairs. Therefore, these simulations are used mainly to evaluate the supersaturation of the system with respect to secondary mineral precipitates including Mg-, Ca-, K- and Na-carbonate phases and Na-carbonate ion pairs.

All atomistic simulations of the adsorption of Na^+^, K^+^, Mg^2+^, Cl^--^, and SO~4~^2--^ on the surfaces of zabuyelite were executed within the framework of the dispersion-corrected density functional theory (DFT-D3) method, as implemented in the Vienna ab initio Simulation Package (VASP). The VASP code calculates the lowest-energy configuration (ground state) of a material by structural energy minimization through atom reassembly, movement, and rotation. The lowest-energy configuration is satisfied when the residual Hellman-Feynman force on the relaxed atom reaches 0.01 eV/Å. Additionally, to obtain an accuracy of the interiterative energy change of 10^--6^ eV, the kinetic energy cutoff for the plane-wave basis was set to 600 eV. The initial zabuyelite cell parameters were taken from the work of Idemoto et al.^[@ref28]^ A Monkhorst--Pack K-point mesh of 3 × 5 × 4 and 3 × 5 × 1 has been used to describe the Brillouin zone of the bulk and surface calculations, respectively. The Monkhorst--Pack scheme ensures homogeneous distribution of the sampling K-points within the Brillouin zone, and the columns and rows of the K-points are parallel to the reciprocal lattice vectors.^[@ref29]^

Minimum Energy Technique Applied to Dislocations, Interfaces and Surface Energies (METADISE) code^[@ref30]^ was used to create (100), (101), and (110) surfaces from the bulk zabuyelite structure. The METADISE code ensures the creation of surfaces with zero dipole moment perpendicular to the surface plane.^[@ref31]^ However, because of the adsorption of charged species, we have applied the Makov--Payne dipole correction perpendicular to the surface in all surface calculations, as implemented in the VASP code,^[@ref32]^ to ensure that there is no net charge or monopole/dipole perpendicular to the surfaces, which might otherwise affect the adsorption energetics and structures. The constructed surfaces were expressed in periodic slabs of thickness ≥10 Å to exclude interactions of surface rearrangement through the bulk. A vacuum of 15 Å was introduced in the *z*-direction to prevent interactions between two consecutive slabs. For each surface, freshly cleaved surfaces with different terminations along the same crystallographic direction were subjected to energy minimization to determine the surface stability. The lowest surface energy under dry conditions (γ~r,dry~) calculated using eq [1](#eq1){ref-type="disp-formula"} was used to identify the most stable termination.Here *E*~surf~ is the energy of the relaxed slab, *E*~bulk~ is the energy of bulk Li~2~CO~3~ calculated by optimizing the bulk structure, *x* is the equivalent number of the bulk Li~2~CO~3~ units in the slab, and 2*A* the surface areas of both exposed surfaces of the cleaved crystal. For each surface, the termination with the lowest surface energy is considered most stable and used in further investigations. To mimic the natural environment in which adsorption takes place, water was introduced to the top surfaces of zabuyelite considering both physisorbed and chemisorbed adsorption configurations. The chemisorbed structures are found to be generally thermodynamically more favorable/preferred over the physisorption structures. In most cases for water adsorption, even when the initial, guessed structure is placed at 5 Å above surface Li sites (physisorption), the water molecules move toward to surface sites forming chemisorbed structures during energy minimization. We, therefore, expect that physisorbed structures may only become feasible/stable at higher coverages (e.g., second layer of water). As only the top surface of the slab is hydrated, while the bottom surface remains "dry", the additional energy due to hydration of the surface at the top of the slab must be separated from the energy of the nonhydrated surface at the bottom. From the dry surface energy obtained from eq [1](#eq1){ref-type="disp-formula"}, it is possible to calculate the wet surface energy (γ~wet~) from the total energy of the hydrated slab as shown in eq [2](#eq2){ref-type="disp-formula"}.where *nE*~water~ is energy of a n water molecules in a vacuum, obtained in a cubic box of size 15 Å, considering a 1 × 1 × 1 Monkhorst--Pack K-points mesh. The initial adsorption geometries of the adsorbates (cations/anions) at the hydrated surfaces were generated manually and subsequently subjected to energy minimization in order to determine lowest-energy adsorption configurations. As the adsorption of cations/anions on the hydrated Li~2~CO~3~ surfaces can change the surface energies and, therefore, modulate the equilibrium morphology, we have also calculated the surface energies of the surfaces after the cations/anions adsorption using eq [3](#eq3){ref-type="disp-formula"}.where *E*~wet-surf+*m*(adsorbate)~ is the total energy of the hydrated surface with *m* adsorbed cations/anions. The energy of all monatomic adsorbates was obtained from optimizing their bulk materials using 7 × 7 × 7 mesh of K-points. We constructed the equilibrium crystal morphology for dry and wet Li~2~CO~3~ as well as those for Li~2~CO~3~ after cations/anions adsorption using the calculated surface energies and the Wulff construction procedure.^[@ref33]^ The GDIS software was employed for the construction of the equilibrium crystal morphology Li~2~CO~3~. To characterize the strength of adsorption of each adsorbate on the different surfaces of Li~2~CO~3~, we calculated the average energies of adsorption (*E*~ads~) using eq [4](#eq4){ref-type="disp-formula"}.By this definition, a negative value of *E*~ads~ corresponds to an exothermic and favorable adsorption process, whereas a positive value indicates an endothermic and unfavorable adsorption.

3. Results {#sec3}
==========

3.1. Interactions between Different Components in Solution {#sec3.1}
----------------------------------------------------------

Supersaturation with respect to mineral phases can be altered by the complexation of ions in solution.^[@ref13],[@ref14]^ The PHREEQC speciation simulations predict that 27% of the carbonate present in the system studied here is incorporated into Na-carbonate ion pairs in the LiBr-Na~2~CO~3~ solutions at 20 °C. At the same temperature, the number of ion pairs between Na and carbonate increases to 76% and 32% in the 1 and 0.1 M NaCl solutions, respectively. Elevating the solution temperature to 80 °C is expected to make the ion pair formation less thermodynamically favorable with only 9% of carbonate occupying these ion pairs in the LiBr-Na~2~CO~3~ and NaCl solutions at this temperature. No ion pairs were predicted in the presence of K^+^, as there is no thermodynamic data available for these species. This is consistent with the absence of experimental evidence for the formation of K-carbonate contact ion pairs and our solution concentration, which was lower than that required to form solvent mediated ion pairs.^[@ref34]^ Only Li--chloride and Li-sulfate ion pairs can be modeled using the llnl database. When 1 M of Cl is present, 1.5% of Li in solution is predicted to form an ion pair with Cl^--^. These ion pairs are expected to increase to 2.5% of the total Li^+^ in the experiments at 80 °C. In contrast, 12% of Li^+^ is predicted to form Li-sulfate ion pairs with the highest concentration of sulfate in solution. As for the carbonate ion pairs with Na^+^, the Li-sulfate ion pairs are expected to be less favorable at higher temperatures, with 10% of the Li^+^ occupying these complexes at 80 °C.

To determine whether the formation of ion pairs was significant in our experiments, we examined changes in the symmetrical stretch band for sulfate (985 cm^--1^)^[@ref24]^ and carbonate (1067 cm^--1^)^[@ref34]^ in different solutions. Positions for the sulfate and carbonate Raman bands in the solutions are listed in the [Supporting Information Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00782/suppl_file/cg9b00782_si_001.pdf). The main carbonate band in the Na~2~CO~3~ solution was observed at 1067 cm^--1^. Similarly, the carbonate band was observed at 1067 cm^--1^ in aqueous solutions equilibrated with Li-carbonate; however, a shoulder was also observed in some of the Raman spectra ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a). The shoulder band at 1076 cm^--1^ decreased in intensity with increasing concentrations of Li-carbonate in solution. In repeated equilibration experiments, the shoulder band was no longer detectable indicating a higher concentration of Li^+^ and CO~3~^2--^ in solution. Increasing the temperature of the solution did not change the center position or full width half maximum (FWHM) of the carbonate band in these solutions. This is similar to the lack of change in the band center and FWHM with temperature for the Na~2~SO~4~ solution. In the presence of LiBr, however, the SO~4~^2--^ symmetrical stretch increased in FWHM with increasing temperature but did not systematically change its center position. Increasing temperature also produced a decreasing ratio between bands associated with the tetrahedral structure (3050 and 3255 cm^--1^) and hydrogen bonding network (3393, 3511, and 3628 cm^--1^)^[@ref35],[@ref36]^ of water in all solutions studied. However, the Li-bearing solutions show a lower ratio than would be expected based on the ionic strength of the solution ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b).

![(a) Raman spectrum of carbonate symmetrical stretching band with shoulder at higher wavenumbers taken from a water solution equilibrated with zabuyelite at room temperature. (b) Change with temperature of area under Raman bands that are related to tetrahedral structure (*A*~tet~) and H-bonding (*A*~H-bond~) of water in different solutions. *I* indicates the ionic strength of the different solutions.](cg9b00782_0001){#fig1}

3.2. Precipitation Experiments {#sec3.2}
------------------------------

### 3.2.1. Experiments without Additional Ions {#sec3.2.1}

A white precipitate was observed to form within 3 min after the Li-bearing and carbonate solutions were mixed. XRD identified the precipitates as zabuyelite, and DRIFTS analysis of the bulk precipitate ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a) confirmed that our precipitates were consistent with zabuyelite precipitated using LiCl.^[@ref20]^ SEM images of the precipitates show that the crystals formed a consistently prismatic morphology (average length: 9 μm) with one elongated axis ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a), in agreement with previous synthesis experiments.^[@ref37]^ One terminus of the elongation axis was observed to have a rough appearance. Closer inspection of the images revealed that this is probably related to the formation of rosettes, where the center of the rosette is hollow, and crystals show a similar texture at their terminus. Raman spectroscopy of single crystals confirmed the identification of zabuyelite through the characteristic carbonate symmetrical stretching band at 1093 cm^--1[@ref38]^ as well as the number and position of the low wavenumber bands ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). Relative intensities of the Raman bands were observed to vary between the crystals sampled, probably due to orientation effects.^[@ref39]^

![Vibrational spectroscopy of samples. (a) Diffuse reflectance Infrared Fourier transform spectroscopy (DRIFTS) of solids produced without additives, in the presence of 1 M KCl or NaCl, or 0.33 M Na~2~SO~4~ (1 M ionic strength). (b) Raman spectra of crystals from experiments in (a). (c) Attenuated total reflectance infrared (ATR-IR) spectroscopy testing the adsorption of sulfate to zabuyelite crystals produced in additive free solutions (labeled Li~2~CO~3~ + solution). Li~2~CO~3~ spectrum shows the dry crystals before the experiment and "solution" shows the 0.33 M Na~2~SO~4~ solution spectrum. Spectra are offset for clarity.](cg9b00782_0002){#fig2}

![Zabuyelite crystals grown in (a) LiBr + Na~2~CO~3~ solution with no additional ions and in the presence of (b) 0.033 M CaCl~2~. Note: 0.33 M solutions produced only calcite, (c) 1 M KCl, (d) 1 M NaCl, and (e) 0.33 M Na~2~SO~4~.](cg9b00782_0003){#fig3}

### 3.2.2. Solutions with Monovalent Chloride Salts {#sec3.2.2}

As observed for the experiments conducted with only LiBr and Na~2~CO~3~, precipitation occurred within the first 3 min after the addition of the carbonate solution for the experiments with 1 M KCl solution. However, in the presence of 1 M NaCl nucleation only occurred after six minutes. Bulk analysis of the precipitates using DRIFTS and XRD demonstrated that zabuyelite was also formed in these experiments ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). Similarly, SEM imaging of the precipitates shows that the crystals expressed a very similar prismatic crystal morphology ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c,d) to the experiments without additional ions and are also found as rosettes. However, measurements of crystal aspect components indicate that the {010} forms are enlarged in the presence of NaCl and KCl. This occurred at the expense of {110} form width in comparison to crystals grown in solutions containing only LiBr and Na~2~CO~3~ ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}, [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). In addition, the average length of the crystals increased to 15 μm. Raman spectroscopic analysis showed spectral bands at the same positions as those detected in the LiBr with Na~2~CO~3~ experiments. No difference in the FWHM (8.7 ± 0.2 cm^--1^) of the most intense Raman band at 1093 cm^--1^ was observed between experiments with and without high concentrations of the monovalent cation chloride salts, implying that the crystals had a similar crystallinity.^[@ref40]^ However, the lower concentration of KCl led to an increase in the FWHM of the carbonate symmetrical stretch to 9.4 ± 0.5 cm^--1^.

###### Aspect Ratios of the Crystals Grown in Different Solutions, Where w Is the Entire Width of the Crystal, and w~{010}~, *w̅*~{110}~ Refer to the Width of the {010} and Mean Width of the {110} Forms Viewable Perpendicular to the *b* Axis, Respectively[a](#tbl2-fn1){ref-type="table-fn"}

  solution            w~{010}~/w   SD    *w̅*~{110}~/w   SD
  ------------------- ------------ ----- -------------- ------
  LiBr + Na~2~CO~3~   0.3          0.1   0.3            0.04
  1 M NaCl            0.6          0.2   0.2            0.07
  1 M KCl             0.7          0.1   0.2            0.05
  0.033 M CaCl~2~     0.3          0.1   0.4            0.05
  0.33 M Na~2~SO~4~   0.2          0.1   0.4            0.06

SD = standard deviation at 1σ.

### 3.2.3. Solutions with Divalent Cation Chloride Salts {#sec3.2.3}

In contrast to the monovalent cation chloride salts, in the CaCl~2~ and MgCl~2~ experiments there is a significant shift of the band close to 1090 cm^--1^ in the FTIR spectra to lower and higher wavenumbers, respectively ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a). Similarly, the more dominant FTIR bands in the 1400 cm^--1^ region are different in relative intensity and position for the precipitates from solutions containing Ca and Mg in comparison to those produced in experiments with NaCl or KCl. Bands in this region correspond to the carbonate asymmetric stretch,^[@ref41]^ indicating that in the Ca- and Mg-bearing solutions, different carbonate phases were formed. A broad area with multiple IR bands close to 1500 cm^--1^ is consistent with the formation of calcite in the CaCl~2~ solutions, whereas the presence of three distinct bands at around 1500 cm^--1^ and particularly the sharp IR band close to 3600 cm^--1^, indicates that the phase precipitated in the MgCl~2~ experiments is a hydrated Mg-carbonate. The production of a different phase is confirmed in the SEM images ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b,c), where two distinct crystal morphologies can be observed in the CaCl~2~ solution experiments and only platy crystals are observed with both concentrations of MgCl~2~. In the experiments with the higher CaCl~2~ concentration (equivalent to 1 M ionic strength), the crystals showed a high degree of porosity and appear to be an assembly of many smaller particles ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). Between these porous crystals, 5--10 μm long crystals with well-defined crystal faces and a more rhombohedral morphology were also observed. EDX spectroscopy of the crystals showed that both contained Ca, consistent with the identification of calcite using μm-resolved Raman spectroscopy of the precipitated crystals with different morphologies. Lowering the CaCl~2~ concentration produced very similar crystal morphologies to those observed in the KCl and NaCl experiment, as well as flat crystals with a 3--6-fold rotational symmetry ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). EDX spectroscopic analysis of the flat crystal showed that they contained Ca and were later identified as calcite based on their Raman spectrum. In contrast, the prismatic crystals were identified as zabuyelite. The Raman spectra for the platy crystals from the MgCl~2~ experiments showed bands of the hydrated Mg-carbonate phase dypingite (Mg~5~(CO~3~)~4~(OH)~2~·5(H~2~O))^[@ref42]^ (not shown). Analysis of the Raman spectra show that the FWHM of the carbonate symmetrical stretch from zabuyelite increased to 9.5 ± 0.3 cm^--1^ when Ca^2+^ was present in the solution. PHREEQC simulations predict the formation of calcite and magnesite in the experiments.

![(a) DRIFTS spectra of the solids formed in the experiments with 0.33 M MgCl~2~ and CaCl~2~ solutions. The spectra are offset for clarity. (b) Secondary electron images of crystals formed in zabuyelite growth solutions with 0.33 M CaCl~2~, and (c) precipitates from zabuyelite growth solutions with 0.33 M MgCl~2~.](cg9b00782_0004){#fig4}

### 3.2.4. Solutions with Sulfate {#sec3.2.4}

Experiments conducted in the presence of sulfate also produced only zabuyelite crystals, as identified with XRD, DRIFTS, and Raman spectroscopy (vibrational spectroscopy results shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b). As for the 1 M NaCl solution, nucleation in these experiments was observed to be slower than in the absence of additives. These crystals also had a morphology similar to the crystals observed with monovalent chloride salts and a similar length (10 μm) to those produced in LiBr with Na~2~CO~3~ experiments ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e). However, for these crystals the {010} form was observed to decrease in size ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}), and thin {100} forms were also expressed. In addition, some crystals showed evidence of rounded channels penetrating the crystal along its elongation axis (arrow in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e). Rosettes were also observed in the sulfate experiments. An increase in the FWHM of the 1093 cm^--1^ carbonate symmetrical stretching band to 9.3 ± 0.3 cm^--1^ was also seen in the Raman spectra when sulfate was present in the growth solution. In addition, the FWHM of the 31° peak in the XRD was also found to increase in comparison to the LiBr with Na~2~CO~3~ experiments. However, the FWHM value was similar to those observed in the NaCl experiments, which showed no increase in the FWHM of the carbonate symmetrical stretch in the Raman spectra.

3.3. Adsorption of Ions to Li Carbonate Surfaces {#sec3.3}
------------------------------------------------

### 3.3.1. Bulk and Surface Characterization of Zabuyelite in Computational Simulations {#sec3.3.1}

Optimized lattice parameters from DFT calculations show a high agreement with the values determined by neutron powder diffraction of Idemoto et al.^[@ref28]^ Calculated values of the lattice parameters and band gap along with previous calculations available in the literature can be found in the [Supporting Information Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00782/suppl_file/cg9b00782_si_001.pdf). The symmetrical up and down density of states ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00782/suppl_file/cg9b00782_si_001.pdf)) and calculated band gap of 4.9 eV are also in agreement with previous studies indicating zabuyelite is a nonmagnetic insulator.

Several zabuyelite surface terminations were examined for the (001), (101), and (110) surfaces to determine the most stable atomic configurations ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}). For all three surfaces, the most stable plane of bulk zabuyelite reduces the originally tetrahedrally coordinated Li ions to 3-fold coordination. The stability order of the zabuyelite surfaces in dry conditions was calculated to be (001) \> (101) \> (110). Water adsorption lowered the energy of the system ([Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}) and thus produced more stable surfaces than those observed in vacuo due to a similar Li coordination to that observed in the bulk structure ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). This behavior has been found previously in calculations of hydrated, relaxed surfaces on calcite, where oxygen atom of the water molecules coordinates to the surface calcium, stabilizing the surface.^[@ref43]^ Relaxation of the hydrated surface led to a reversal of the stability order: (110) \> (101) \> (001). Wulff constructed equilibrium morphologies of the entire crystal based on the calculated surface energies predicts that zabuyelite in a vacuum has a broad, plate-like structure with equal contributions from the (001), (101), and (110) surfaces in agreement with previous computational work using ab initio modeling.^[@ref37]^ However, the equilibrium morphology expected for hydrated surfaces is very similar to the prismatic crystal observed in the experiments (c.f., [Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b and [6](#fig6){ref-type="fig"}a) indicating a good representation of surface stability is provided by the simulations.

###### Surface Stabilities of Different Surface Terminations[a](#tbl3-fn1){ref-type="table-fn"}

            γ~dry~                   
  --------- -------- ------- ------- -------
  \(001\)   0.358    2.648            
  \(101\)   0.484                     
  \(110\)   0.720            1.913   3.386

CN = coordination number.

![Computational simulations of zabuyelite. (a) Bulk structure of zabuyelite, where the green sphere: Li, black spheres: C and red spheres: O. The green polyhedra show the tetrahedral Li sites. (b) Predicted equilibrium morphology of the dry zabuyelite crystal in vacuo based on the surface energies of the most stable surfaces.](cg9b00782_0005){#fig5}

###### Adsorption Energies Calculated for Different Brine Components and the Resultant Change in Surface Energies

  surface   *E*~ads H~2~O~   *E*~ads SO~4~~   γ~wet~    γ~Na~   γ~K~      γ~Mg~   γ~Cl~   γ~SO~4~~
  --------- ---------------- ---------------- --------- ------- --------- ------- ------- ----------
  \(001\)   --0.44           --1.10           0.026     0.259   0.232     1.108   0.394   --0.065
  \(101\)   --0.51           --1.10           0.075     0.204   0.173     0.894   0.507   0.046
  \(110\)   --0.85           --1.61           --0.245   0.059   --0.173   0.882   0.082   0.261

![(a--f) Adsorption of different molecules and ions to the three dominant zabuyelite surfaces, (001), (101), and (110), and the resultant change in crystal morphology predicted based on the energies of the surfaces with the adsorbed molecules and ions.](cg9b00782_0006){#fig6}

### 3.3.2. Adsorption of Monovalent Ions: K^+^, Na^+^, and Cl^--^ {#sec3.3.2}

Sodium and potassium show similar behavior when they are adsorbed onto zabuyelite surfaces ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b,c). On the (001) and (101) surfaces, the cations align themselves between the rows of water molecules. The channels in which the adsorbates position themselves are parallel with the *a* and *b* crystal axis on the (101) and (001) surfaces, respectively. On the (110) surface, Na^+^ and K^+^ adsorb at similar positions; however, instead of occupying channels between the water molecules at the surface, the ions are positioned above the water molecules and the water molecules rotate at the surface so that the H atoms lie parallel to the surface. This rotation allows the O atoms of the water molecules to interact with the adsorbing cations and Li ions within the (110) surface. Similarly, Cl^--^ adsorbs to the (001) surface between the water molecule channels aligned parallel the *b* axis of the crystal ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d). The (110) surface also shows similar behavior for Cl^--^ and the monovalent, monatomic cations, where the anion positions itself above the water molecules at the surface. However, because of the negative charge of the Cl^--^ ions the water molecules closest to the anion interact via their H rather than O atom. The main difference between the adsorption of monovalent, monatomic cations and anions is found on the (101) surface. Here, the chlorine anions also positioned themselves above the water molecules. Complexation of the monovalent ions at the crystal surfaces changes the surface stability further than water adsorption to the surface. The equilibrium morphology of the crystal remains elongated, with {110} faces at the crystal edges, but for the adsorption of Cl^--^ the (001) surface area becomes much more limited.

### 3.3.3. Adsorption of Divalent Ions: Mg^2+^ and SO~4~^2--^ {#sec3.3.3}

Magnesium adsorbs at similar surface locations to those observed with Na^+^ and K^+^ on the (001) and (110) surfaces ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}e). However, unlike the simulations with Na^+^ and K^+^, on the (101) surface, the Mg^2+^ does not align along a single plane above the surface. Instead it organizes itself into a staggered configuration. Additionally, the Mg^2+^ displaces the water molecules at this surface, increasing the bond length between the water oxygen and Li^+^ atoms to 2.289 Å, compared to 2.033 Å without Mg^2+^ ions. Change in the strength of the water--Li interaction is reflected in the surface energies, where the presence of Mg^2+^ increased the hydrated (101) and (110) surface energies from 0.204 and 0.059 with Na^+^ to 0.894 and 0.882, respectively. Lowering the stability difference between these faces is expressed as a similar size of the (101) and (110) faces on the equilibrium crystal morphology when Mg^2+^ is present. Thus, the hydrated zabuyelite crystal interacting with the Mg^2+^ ions is predicted to adopt a morphology similar to that expected in vacuo.

Sulfate (SO~4~^2--^) has two under-coordinated oxygen atoms; thus this oxyanion can compete with water molecules for the under-coordinated lithium binding sites at the zabuyelite surface. Due to its shape, more than one sulfate O atom can form an interaction with the Li atoms at the zabuyelite surface, i.e., as either monodentate mononuclear (MM) or bidentate binuclear (BB) adsorption complexes. The time scale of the simulations does not allow us to test what happens when sulfate approaches the surface and displaces the water molecules. Therefore, we have compared the energies generated through adsorption of sulfate and water in vacuo to determine if sulfate adsorption is more favorable than water and thus will displace water during adsorption. On all three surfaces, the distance between Li atoms at the surface is favorable for sulfate complex formation. Monodentate mononuclear adsorption complexes were found to be less energetically favorable compare to BB adsorption consistent with previous work.^[@ref44],[@ref45]^ The optimized BB adsorption complexes of sulfate on zabuyelite (001), (101), and (110) surfaces are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}f, whereas the calculated adsorption energies and surface energies of water and sulfate covered surfaces are summarized in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"}. The adsorption energies of sulfate on all three surfaces are more negative than the adsorption of water, suggesting that sulfate will outcompete water for the under-coordinated lithium binding sites at the zabuyelite surfaces. As for Mg^2+^, adsorption of sulfate produced a predicted equilibrium morphology similar to that observed in vacuo ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b).

### 3.3.4. Verification of Adsorption Using ATR-IR {#sec3.3.4}

Adsorption of monatomic ions to the zabuyelite surface would not be expected to produce their own bands in the IR spectrum. However, changing the chemistry of carbonate nearest cation neighbors produces a measurable difference in the stretching modes of carbonate.^[@ref46]^ Therefore, the spectral position of the carbonate asymmetrical stretch was assessed using ATR-IR. Sulfate band positions were compared with a 0.33 M Na~2~SO~4~ solution without any zabuyelite ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). In all experiments, the same broad bands were observed at 740, 858, 1087, and 1407 cm^--1^ in the solid phase consistent with the DRIFTS analysis. Sulfate in solution produced an intense band at 1096 cm^--1^ that is related to the asymmetrical stretch of the tetrahedral sulfate oxyanion.^[@ref47]^ Zabuyelite crystals that are exposed to a 0.33 M sulfate solution show a shift of this band to 1110 cm^--1^ ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). No other evidence for adsorption was observed with the ATR-IR.

4. Discussion {#sec4}
=============

4.1. Li Carbonate Precipitation Mechanism {#sec4.1}
-----------------------------------------

As for other crystalline carbonate materials such as calcite, Li~2~CO~3~ has an inverse solubility, whereby the solubility of the solid phase decreases with increasing temperature.^[@ref48],[@ref49]^ The solubility limit of Li~2~CO~3~ at 25 °C has been experimentally determined as 0.017 M.^[@ref48]^ Thus, the inverse solubility expected for Li~2~CO~3~ and high concentration of Li^+^ and carbonate in our solutions (both 0.5 M) should result in a very high supersaturation with respect to zabuyelite. In other carbonate systems, high supersaturation levels lead to the formation of amorphous precursor phases that transform into the final crystalline product.^[@ref50]^ In our experiments, we do not see direct evidence for a precursor phase. However, we repeatedly observe that the rosette crystal arrangement produced throughout our experiments have a hollow core. This is unusual as rosettes are typically proposed to form due to structural interactions between the different crystal arms, such as aragonite rosettes formed in the presence of nonionic polymers.^[@ref51]^ Similarly, in ice rosettes, whose crystals have a very similar shape to that of zabuyelite, the core is solid and connects the different crystal arms.^[@ref26]^ In addition, we observe hollow structures penetrating into the center of individual crystals in the sulfate experiments ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e). A similar structure has also been observed in ice formation and is typically attributed to higher supersaturations.^[@ref52]^ Recrystallization of less crystalline Ca-carbonate into a crystalline phase has been shown to form hollow structures in some experiments.^[@ref53]^ Thus, the presence of channels within our crystals and hollow centers of the rosettes indicates that zabuyelite may also precipitate via transformation from a precursor phase.

4.2. Influence of Monovalent Ions on Li Carbonate Growth {#sec4.2}
--------------------------------------------------------

Unlike zabuyelite, Na and K-carbonates have high solubility, which for K-carbonate increases with elevated temperature.^[@ref54]^ The absence of these minerals in the precipitated phases is consistent with the expected higher thermodynamic stability of zabuyelite with respect to these phase.^[@ref55]^ As Na^+^ and K^+^ will not compete directly for carbonate via the growth of additional solid phases, the main influence of these ions will be on the chemistry of the system. For example, Na-carbonate ion pairs were predicted based on the PHREEQC simulations. Incorporation of the mineral constituent ion into an ion pair with a nonconstituent ion can significantly lower the supersaturation of the solution with respect to the mineral of interest.^[@ref13]^ Indeed, the time required for nucleation doubled in the presence of 1 M NaCl in comparison to the additive free experiments. However, the formation of rosettes with hollow cores indicates that the supersaturation remained high despite the formation of Na-carbonate ion pairs.

The presence of background ions can have an indirect effect on the hydration of mineral constituent ions in solution. This may be important for Li-carbonate growth as Li^+^ is predicted to have a coherent first hydration shell due to the strong electrostatic fields that are expected for small cations^e.g.,^.^[@ref56]^ Of the monovalent, monatomic cations, Li^+^ has the highest degree of covalent character in its interaction with the water molecules of its first hydration shell.^[@ref57]^ This effect results in a shorter distance between the water molecules and Li^+^ ions, thus large enthalpy of hydration.^[@ref56]^ The presence of background ions is proposed to be able to disturb the hydration shell of ions facilitating nucleation and growth, known as "salting out". Such decreases in solubility can be observed in carbonate phases, such as calcite, at high ionic strengths of solution.^[@ref58]^ In addition to the concentration of background ions in solution, the chemistry of the ions present is also proposed to effect the hydration of ions differently. For example, the presence of specific ions in solution that do not directly interact with a growing or dissolving surface have also been found to influence the rate of material addition^[@ref18]^ or removal,^[@ref19],[@ref59]^ respectively, to/from Ca- and Mg-bearing carbonate mineral surfaces. This effect is linked to the hydration characteristics of both the background and solute ions and their effect on the bulk water structure.^[@ref60]^ The changes in water structure measured using the Raman spectrometer implies that the presence of Li^+^ leads to more extensive changes than expected for the solution ionic strength compared to Na^+^ salts. In addition, the enthalpy of hydration for the different cations tested in these experiments follows the order Li^+^ \> Na^+^ \> K^+^.^[@ref57]^ Thus, given the elevated temperatures, which also disrupts Li^+^ hydration,^[@ref61]^ the presence of the different background ions is not expected to alter the ability of the mineral to form. This hypothesis is consistent with the similar nucleation times observed for the experiments conducted with the two different concentrations of the monovalent cation and previous observations that high LiCl concentrations produce the salting out effect for Na-carbonate.^[@ref55]^

It is clear from the simulations that the presence of water at the surfaces of zabuyelite has a large effect on surface stability and, therefore, the crystal morphology. As the presence of different ions may also influence surface hydration and can facilitate ion dehydration during growth,^[@ref62]^ the presence of different ions may also influence the crystal morphology. Both Na^+^ and K^+^ are unlikely to interact directly with the zabuyelite surfaces during growth based on the absence of changes in the surface groups of the zabuyelite observed with the ATR-IR and computational simulations of adsorption to hydrated zabuyelite surfaces. In addition, no large changes in morphology were predicted based on the presence of the two different ions, as was observed in the very similar aspect ratios for the crystals produced in the 1 M solutions with NaCl or KCl ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}). This indicates that the presence of Na^+^ or K^+^ will not make a significant difference for the surface hydration, thus mineral growth. Similarly, Cl^--^ ions were also found not to interact directly with the surface. However, a change in the morphology is observed when 1 M of NaCl or KCl are present. For all three monatomic, monovalent ions, the most important faces on the elongated crystals are expected to be part of the {110} form. Therefore, the changes in the width of the crystals observed in the experiments cannot be attributed to the presence of Cl^--^ versus Br^--^ or the cations. Unlike the computational simulations and previous synthesis work where the faces with the largest areas were {110} forms,^[@ref37]^ the crystals formed in our experiments also express {010} and, in the case of sulfate, {100} forms. As the previous experiments were conducted at room temperature, as were the morphology simulations, it appears that additional crystal faces are stabilized during growth at 80 °C. The increase in the width~{010}~ with increasing ionic strength, at the expense of the two additional faces at either side of the crystal (width~{110}~), implies that surface hydration disruption at the {010} can facilitate growth.

4.3. Interaction between Li-, Mg-, and Ca-Carbonates {#sec4.3}
----------------------------------------------------

Formation of Ca and Mg-carbonate phases was predicted by the PHREEQC calculations and observed in the experiments. Unlike Na^+^ and K^+^, Ca^2+^, and Mg^2+^ effectively outcompete Li^+^ for carbonate in solution. In the experiments with 0.033 M CaCl~2~ (0.1 M ionic strength), zabuyelite was observed to form in addition to calcite. Although the DFT simulations indicate that divalent ions could significantly alter the surface stabilities, a very similar, elongated morphology of the zabuyelite crystals was observed in the presence of Ca^2+^. There is some indication that the Ca^2+^ does interact with the crystal surface of zabuyelite as the {110} surface width decreases on these crystals. This agrees with the simulations, which suggest that divalent, monatomic cations will make this surface less stable than observed with only water and monovalent, monatomic cations. In addition, the presence of Ca^2+^ appears to affect the crystallinity of zabuyelite as the FWHM of the carbonate symmetrical stretching Raman band increased. This could be related to a small amount of Ca^2+^ in the zabuyelite structure. A complete solid solution is not expected as the two carbonate minerals crystallize with different crystal structures. There was no clear shift in the center of the Raman band for the carbonate symmetrical stretch and no Ca was observed in the EDX spectra of the zabuyelite crystals. Therefore, the amount of Ca incorporated is expected to be less than 1 wt %, the detection limit of the EDX. Up to 2 wt % of Li has been reported in calcite,^[@ref63]^ however, whether the reverse is possible is unclear as Ca^2+^ is considerably larger than the Li^+^ ion (0.99 Å versus 0.68 Å, respectively^[@ref64]^). Thus, it may be that there is insufficient space to incorporate larger ions in significant amounts without disrupting the crystal structure. This would fit with the experimental work with K^+^, another large cation (1.33 Å^[@ref64]^), for which no solid-solution compositions exist with Li~2~CO~3~ even at elevated temperatures.^[@ref65]^

Calcite formation in the 0.033 M CaCl~2~ experiments (0.1 M ionic strength) is clearly influenced by the presence of Li^+^ in solution. Two different morphologies of calcite were observed: a rhombohedral-like shape, and larger, platy crystals in some cases with 3-fold rotational symmetry. The triangular shape at the center of the platy calcite crystal shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b is very similar to what has been observed previously on {0001} calcite surfaces stabilized by the adsorption of Li^+^.^[@ref16],[@ref66]^ Viewing the calcite crystal along the \[0001\] direction would also explain the potential twin observed below the crystal with 3-fold rotation, as this is one of the twin planes of calcite. Similar to the zabuyelite precipitation mechanism proposed above, twins on the calcite (0001) surface are predicted to be the only type of twins that can occur via 2D heterogeneous nucleation.^[@ref67]^ In contrast, in the Mg-bearing solutions, the Mg-carbonate dypingite dominates the precipitation of carbonate. However, zabuyelite growth in the presence of lower concentrations of MgCl~2~ to those used here produces shorter crystals.^[@ref68]^ These crystals have a morphology that is close to that expected based on our simulations. Unlike calcite, dypingite crystals do not change their morphology when grown in different Li:Mg ratios and show a morphology consistent with that of the dypingite crystals in the absence of Li^+^.^[@ref69]^ This indicates that Li^+^ does not directly influence the growth morphology of the dypingite. Interestingly, previous experiments at the synthesis temperatures used, more commonly produce less hydrated phases including nesquehonite (MgCO~3~·3H~2~O) and hydromagnesite Mg~5~(CO~3~)~4~·(OH)~2~·4H~2~O.^[@ref70],[@ref71]^ Given that Li^+^ is proposed to aid the crystallization of other carbonates based on its strongly hydrated nature, these results imply that this effect is minimal on other strongly hydrated ions such as Mg^2+^. Alternatively, hydration is not the dominant barrier for anhydrous Mg-carbonate formation as proposed in a recent paper by Xu et al.^[@ref72]^

4.4. Influence of Sulfate on Li Carbonate Growth {#sec4.4}
------------------------------------------------

Lithium has a clear affinity for sulfate in the experiments, demonstrated by SO~4~ adsorption and the modification of the crystal morphology both in the computational simulations and experiments. Ion pair formation in solution is known to generate new bands in the Raman spectra of solutions which are present at slightly higher wavenumbers for oxyanions such as sulfate,^[@ref23],[@ref24]^ as well as changes to the band position and symmetry for Li sulfate ion pairs in pure solutions at room temperature above concentrations of 0.2 molality.^[@ref73]^ The strong hydration of Li^+^ results in the ion pairs being solvent mediated rather than contact ion pairs at the temperature of our experiments.^[@ref74]^ The increase in the band FWHM~960~ in the presence of Li indicates that Li-sulfate ion pairs were formed in our solutions in agreement with the PHREEQC simulations. Thus, Li^+^ can effectively outcompete Na^+^ to form ion pairs with sulfate in solution. The formation of ion pairs with sulfate is known to limit the nucleation of carbonate minerals.^[@ref13]^ Therefore, in the experiments with Na-sulfate the decrease in Li^+^ and CO~3~^2--^ ion activities due to the formation of ion pairs with sulfate and Na^+^, respectively, would lower the supersaturation of the system with respect to zabuyelite. Again, the formation of rosettes and hollow centers in many of the crystals implies that the nucleation is not limited sufficiently to alter the nucleation mechanism.

Evidence for sulfate incorporation during growth has been described for the Ca-carbonate calcite.^[@ref75]^ Although thermodynamics predicts no solid solution between Li~2~CO~3~ and Li~2~SO~4~,^[@ref65]^ a metastable, mixed Li-carbonate and sulfate phase has been synthesized from melts at high temperatures.^[@ref76]^ This phase was shown to increase the width of the Raman carbonate symmetrical stretching band at 1093 cm^--1^ in addition to the appearance of a new sulfate band. A similar increase in the FWHM of the carbonate band was observed in our sulfate experiments, however, no new band was observed in the vibrational spectroscopy data. The XRD analysis of zabuyelite synthesized in the experiments also showed no changes in the peak location or consistent increase of the FWHM. Therefore, if sulfate was incorporated into zabuyelite it is below the detection limit of the XRD and Raman spectrometer. The presence of sulfate during nucleation and growth can lead to the stabilization of different Ca-carbonate polymorphs.^[@ref77]^ Thus, the increase in FWHM of the carbonate symmetrical stretching band indicates that a less crystalline material was produced, potentially due to sulfate disrupting the transformation of the precursor phase.

Sulfate has been observed to interact directly with growing^[@ref13]^ and dissolving^[@ref19]^ magnesite (MgCO~3~) surfaces both at room temperature and 90 °C. As Mg^2+^ also has a strong attraction for water molecules similar to Li^+^, it is likely that sulfate will also interact with zabuyelite surfaces. Indeed, the computational models predict that sulfate will bind directly to zabuyelite surfaces, unlike the other ions tested. Adsorption to the {110} surfaces, however, increased the surface energy leading to a lower contribution of this surface in the equilibrium morphology ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}f). The decrease in the stability of this surface through the adsorption of sulfate could be the reason for the small size of this surface on the crystals precipitated in the experiments. The shift of the sulfate symmetrical stretching band in the ATR-IR measurements is consistent with the adsorption of sulfate to mineral surfaces.^[@ref47],[@ref78]^ Therefore, this implies that sulfate can directly adsorb to the zabuyelite surface as predicted by the computational simulations. However, it is not possible to identify adsorption to specific surfaces from the ATR-IR data. Similarly, the significant overlap of the sulfate band by the carbonate bands of zabuyelite prevent the determination of the dominant adsorption mode on the zabuyelite surfaces.

5. Conclusions {#sec5}
==============

Both the experiments and computation simulations indicate that the ions with the most dominant effect on zabuyelite growth will be Ca^2+^, Mg^2+^, and SO~4~^2--^. Particularly, Mg^2+^ will limit Li-carbonate growth through the competitive precipitation of Mg-carbonate phases, and thus removal of carbonate activity, which lowers the system supersaturation with respect to the Li-carbonate phase. In the industrial processes, this is alleviated by removing the Mg from the brine solution at the initial stages of Li extraction (see Meshram for a review^[@ref9]^). However, this study demonstrates that even brines with low Mg may significantly limit the extraction of Li. The morphological evidence of the calcite crystals from our experiments at 0.33 M CaCl~2~ indicates that the presence of significant amounts of Li can actually inhibit calcite formation from solution. Therefore, less Ca will need to be extracted to effectively precipitate Li-carbonate. However, there is evidence that a small amount of Ca can be incorporated into the zabuyelite phase produced in the 0.033 M CaCl~2~ experiments. Thus, the zabuyelite produced may have a lower purity in the presence of Ca. This may also occur when sulfate is present as there is also an increase in the FWHM of the carbonate symmetrical stretch in the Raman spectra of zabuyelite formed in these experiments.

Unlike the divalent ions, the monovalent ions examined here are expected only to form solvent-mediated interactions with the components of zabuyelite. Complexation with Na^+^ may be important at low temperatures particularly for brines where Na^+^ concentrations are typically higher than 5 wt %.^[@ref12]^ However, our PHREEQC calculations indicate that the influence of monovalent cations such as Na^+^ is lowered by increasing the temperature of the precipitating system. Chlorine is predicted to form less ion pairs with Li^+^ in solution. Therefore, the presence of monovalent anions may be beneficial for altering the hydration of the growing surface and Li^+^ in solution. For predictions of the effectiveness of Li extraction, thermodynamic data for the formation of the important Li-carbonate ion pairs and zabuyelite would be invaluable and should be targeted in future studies.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.cgd.9b00782](http://pubs.acs.org/doi/abs/10.1021/acs.cgd.9b00782).Summary of band positions found in the fluid cell Raman spectroscopy analysis (Table S1). Background for the DFT modeling including the calculated values of the lattice zabuyelite parameters and band gap (Table S2) as well as Figure S1 showing the density of states for the valence and conduction band of zabuyelite ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.cgd.9b00782/suppl_file/cg9b00782_si_001.pdf))
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